Most inherited cancer syndromes are characterized by the familial clustering of cancers at several organ sites. To determine if cancers, other than pancreatic cancer, cluster in pancreatic cancer kindreds, we examined mortality patterns among the relatives of National Familial Pancreatic Tumor Registry probands. Over 200,000 person-years of follow-up from 8,564 first-degree relatives of probands and 1,007 spouse controls were included in these analyses. We compared mortality rates of National Familial Pancreatic Tumor Registry participants to US population rates using weighed standardized mortality ratios (wSMR). Analyses were stratified by family history of pancreatic cancer (sporadic versus familial), family history of young onset pancreatic cancer (<50 years), and family history score. Cancer mortality was increased in both the relatives of sporadic probands [wSMR 1.55, 95% confidence interval (95% CI) 1.39-1.73] and familial probands (wSMR 1.41, 95% CI 1.26-1.58). Relatives of familial probands had a significantly increased risk of dying from breast (wSMR 1.66, 95% CI 1.15-2.34), ovarian (wSMR 2.05, 95% CI 1.10-3.49), and bile duct cancers (wSMR 2.89, 95% CI 1.04-6.39). Relatives of sporadic probands were at increased risk of dying from bile duct cancer (wSMR 3.01, 95% CI 1.09-6.67). Relatives of young onset probands were at higher risk of dying from cancers of the breast (wSMR 1.98, 95% CI 1.01-3.52), colon (wSMR 2.31, 95% CI 1.30-3.81) and prostate (wSMR 2.31, 95% CI 1.14-4.20). Increased cancer mortality was not observed in the spouse controls. Our results show that relatives of pancreatic cancer patients are at higher risk of developing cancers at other sites and highlight the importance of complete family history in clinical risk assessment. (Cancer Epidemiol
Introduction
Pancreatic cancer is the fourth leading cause of cancer death in the United States (1) . Patients with invasive ductal adenocarcinomas of the pancreas, which comprise >90% of all carcinomas of the pancreas, have a 5-year survival rate of <5% (1) . Approximately 20% of pancreatic cancer is attributable to cigarette smoking (2, 3) . Family history of pancreatic cancer is also a strong risk factor for the disease, with 5% to 10% of patients with pancreatic cancer reporting a close relative with pancreatic cancer (4) . The genes responsible for a minority of the familial clustering of pancreatic cancer have been identified, including STK11, CDKN2A, PRSS1, BRCA2, and PALB2 (5-13). Mutations in these genes, with the exception of PRSS1, are also associated with an increased risk of cancer of other organs. For example, carriers of germline CDKN2A gene mutations have an elevated risk of melanoma (12) , and carriers of BRCA2 or PALB2 gene mutations have an elevated risk of breast cancer (14, 15) .
The elucidation of cancer types that coaggregate in families has a number of implications. First, the coaggregation of site-specific cancers suggests a shared genetic susceptibility or shared environmental risk factors. Second, a better understanding of the characteristics of a hereditary cancer syndrome can be used to define more precisely the criteria for that syndrome, as shown by the inclusion of colon, endometrial, small intestine, and ureteral cancers in the Amsterdam criteria for hereditary nonpolyposis colorectal cancer (HNPCC; ref. 16 ). Finally, including the full spectrum of disease-related cancers is an important aspect of risk assessment and prevention.
Currently, the National Familial Pancreas Tumor Registry at Johns Hopkins is one of the largest registries of familial pancreatic cancer with over 3,185 families enrolled, 1,089 of which are familial pancreatic cancer kindreds (defined as at least a pair of first-degree relatives with pancreatic cancer in the family). Prospective studies of families enrolled in this registry have shown that apparently healthy members of familial pancreatic cancer kindreds have a 9-fold increased risk of developing pancreatic cancer themselves (17) . However, the risk of extrapancreatic malignancies in these kindreds remains poorly defined.
A common limitation of family studies is that cancer incidence in at-risk relatives is often underreported (18) .
In the current study we overcame this hurdle by supplementing reported family history data with data from the National Death Index (NDI) maintained by the National Center for Health Statistics (NCHS). Incorporating data from the NDI has been shown to be an accurate way to obtain vital status and cause of death data on cohort study participants in the United States (19) . When cause of death coding from nosologists was compared with sitespecific cancer mortality data from the NDI, the NDI had a 99% consistency rate (19) (20) (21) .
The goal of the current study was to identify and quantify mortality from extrapancreatic cancers in familial and sporadic pancreatic cancer kindreds and to determine if mortality rates differ by the strength of family history of pancreatic cancer.
Materials and Methods
Study Population. This study was approved by the Institutional Review Board of Johns Hopkins Medical Institutions, and informed consent was obtained. The details of National Familial Pancreatic Tumor Registry (NFPTR) recruitment methods have been published elsewhere (17) . In brief, patients treated for pancreatic cancer at Johns Hopkins Hospital are recruited either by an in-person visit or by mail. In addition, individuals with a personal or family history of pancreatic cancer can either self-refer through an internet site 6 or they can be referred by a non-Hopkins health care provider. Questionnaire data obtained from the patient or their proxy (spouse or child) includes race, sex, date of birth, type and age at diagnosis of any pancreatic disease, type and age at diagnosis of any cancers, smoking status, and date and cause of death (if deceased). These data are collected on first-degree and some second-degree relatives of the affected proband. Families are contacted annually by mail to obtain updated health information.
The data set for the current study was limited to the 1,328 families who enrolled before December 31, 2004, because at the time of this study NDI data were available for 1979 to 2004. Analyses were limited to the 15,463 individuals with at-least one first-degree relative with pancreatic cancer, because information on more distant relatives was not uniform. We also excluded all pancreatic cancer probands (n = 2,191), individuals with missing date of birth (n = 2,279), and individuals (n = 2,429) who died before January 1, 1979 . Probands were defined as individuals reported to have pancreatic cancer on the initial questionnaire and included three individuals who were found, after examination of the pathology records, to have bile duct carcinoma. Among the 8,564 individuals included in the analyses, 2,305 (26.91%) were relatives of patients treated at Johns Hopkins Hospital.
To estimate the effect of excluding individuals with missing dates of birth on our analysis, we assessed the proportion of these individuals that were likely to have been alive within the study period Statistical Analyses. The strength of family history of pancreatic cancer was classified using three methods: (a) individuals were classified as members of familial pancreatic cancer or sporadic pancreatic cancer kindreds, (b) individuals were classified as having or not having a young onset pancreatic cancer (<50) in their kindred, and (c) individuals were classified based on their tertile of family history score. The family history score for the ith family was calculated as (22):
For each family member j, O ij is an indicator of pancreatic cancer status at enrollment and E ij is their expected risk of pancreatic cancer calculated by multiplying 5-year age, sex, race, calendar year-specific US cancer incidence rates from the Surveillance Epidemiology and End Results (SEER) database (23) by person-years at risk. Person-years at risk were summed from birth until age of diagnosis of pancreatic cancer or age at death, whichever occurred first. For the years before 1973, 1973 rates were used.
Standardized mortality ratios (SMR) were calculated as the ratio of observed (O) to expected (E) number of deaths, where the expected rates were obtained by SEER multiplying 5-year age, sex, race, and calendar-specific rates for the years 1979 to 2004 by the person-years at risk. Exact confidence intervals based upon a Poisson distribution were used when there were fewer than 100 observed deaths, otherwise a normal approximation was used (24) .
Cause of death data was missing on 13% of known decedents. Because this can cause an underestimation of the cause-specific mortality, weighed SMRs (wSMR) were calculated. In brief, for wSMRs the crude SMR and confidence interval are adjusted by the proportion decedents with known cause of death (p). For details, see Rittgen and Becker (25) to obtain the wSMR methodology.
Date of death was not available for 146 individuals. Three methods of imputing date of death were explored: (a) substituting the median age at death of NPFTR cohort members with the same decade of birth and cause of death, (b) substituting the SEER median site-specific age at death for cancer deaths or median age of death of the US general population for noncancer deaths, (c) imputing age at death using birth year, sex, cause of death and family history score (PROC MI, SAS 9.2). Given that all three imputation methods yielded similar results only results using the first approach are presented.
Analyses were limited to cancer sites with at least 10 observed cases. All tests were two-sided. SAS Version 9.2 (SAS Institute, Inc.) was used for all statistical analyses.
Results
A total 183,422 person-years from 8,564 individuals with at least one first-degree relative with pancreatic cancer from 1,321 families were included in these analyses, as were 22,441 person-years from 1,007 spouse controls ( Table 1 The mean age of the at-risk family members was 60.1 (SD 22.3) years at enrollment. The spouse controls were older, with mean age of 68.4 years (SD13.5). Approximately, 16% of all of the participants included in the study were from kindreds with a young onset pancreatic cancer, defined as having a relative who developed pancreatic cancer before the age of 50 years. It is estimated that ∼5% to 10% of all pancreatic cancers occur before the age of 50 (26) . Among the 8,564 individuals included in the analyses, 2,305 (26.91%) were relatives of patients treated at Johns Hopkins Hospital. About half, 56.6% of the relatives of young onset patients were from familial pancreatic cancer kindreds and 55.1% were from kindreds in the highest tertile of family history score. Eight percent of families reported mortality due to multiple nonpancreatic cancers.
All Cause and Extrapancreatic Cancer Mortality. The unweighed SMR and wSMR for all-cause and cancerspecific deaths among the first-degree relatives of the pancreatic cancer patients are presented in Table 2 . Among the 8,564 relatives of patients with pancreatic cancer, there were a total of 2,440 deaths, significantly fewer than expected in the general US population [wSMR 0.86, 95% confidence interval (95% CI) 0.83-0.89]. All-cause mortality was also significantly lower among the spouse controls (wSMR 0.68, 95% CI 0.60-0.76). Although all-cause mortality was lower than expected, we did observe excess extrapancreatic cancer mortality in relatives of patients with pancreatic cancer (wSMR 1.48, 95% CI 1.36-1.61). The extrapancreatic cancer mortality was not elevated in the spouse controls (wSMR 0.96, 95% CI 0.74-1.23).
To further examine mortality from extrapancreatic cancers in relatives of patients with pancreatic cancer, we stratified our analyses by family history of pancreatic cancer (Table 3) . We classified family history in three ways, familial versus sporadic kindreds, presence versus absence of a young onset (<50 years) case of pancreatic cancer in the family, and tertile of family history score. Overall the distribution of family history score ranged from −0.20 to 73.10.
The median and range for each tertile of family history score was 4.74 (−0.20 to 6.14), 7.46 (6.16-9.14), and 12.02 (9.15-73.10), respectively.
Breast and Ovarian Cancer Mortality in Females. Relatives of individuals with familial pancreatic cancer had a significantly elevated risk of dying due to breast cancer (wSMR 1.66, 95% CI 1.15-2.34). Excess breast cancer mortality was also observed in the relatives of young onset cases (wSMR 1.98, 95% CI 1.01-3.52) and among individuals in highest tertile of family history score (wSMR 2.22, 95% CI 1.42-3.33). Breast cancer mortality was not increased in the relatives of late onset cases, in relatives of patients with sporadic pancreatic cancer, nor in individuals in the lowest and middle tertile of family history score. Familial pancreatic cancer kindred members also had a significantly increased risk of dying from ovarian cancer (wSMR 2.05, 95% CI 1.10-3.49).
Colon Cancer Mortality. Excess colon cancer mortality was observed in relatives of patients with young onset Bile Duct Cancer Mortality. Bile duct cancer mortality was significantly elevated in both familial and sporadic pancreatic cancer kindreds (wSMR 3.01, 95% CI 1.09-6.67 and wSMR 2.89, 95% CI 1.04-6.39, respectively). Bile duct cancer mortality was elevated for relatives of patients with late onset pancreatic cancer but not for relatives of young onset patients. A similar trend was observed for family history score, where mortality due to bile duct cancer was elevated for all groups but only statistically significantly elevated for individuals in the lowest tertile of family history score (wSMR 3.85, 95% CI 1.52-8.06).
Prostate Cancer Mortality. We did not observe excess mortality due to prostate cancer in relatives of familial and sporadic pancreatic cancer kindreds. However, relatives of young onset pancreatic cancer patients were at higher risk of dying from cancer of the prostate (wSMR 2.31, 95% CI 1.14-2.40).
Liver, Lung, and Melanoma Cancer Mortality. Excess mortality due to liver cancer was observed for relatives of patients with late onset pancreatic cancer and for those in the highest tertile of family history score (wSMR 2.06, 95% CI 1.14-3.46 and wSMR 4.2, 95% CI 1.79-8.41, respectively).
Whereas overall lung cancer mortality was not higher than expected compared with the general US population, there was a significant excess of lung cancer deaths among individuals in the highest tertile of family history score (wSMR 1.51, 95% CI 1.12-2.00).
Mortality due to melanoma was elevated in all subgroups except those in the middle tertile of family history score; however, these increases in melanoma mortality were not statistically significant.
Discussion
Our results indicated that individuals with a family history of pancreatic cancer are at an increased risk of cancerrelated mortality. We have previously showed a 2-fold increased risk of pancreatic cancer in first-degree relatives of patients with sporadic pancreatic cancer, and a 9-fold increased risk of pancreatic cancer in first-degree relatives of patients with familial pancreatic cancer (17) .
Here we show that, in addition to an increased risk of pancreatic cancer, individuals with a family history of pancreatic cancer have an increased risk of dying from breast, ovarian, colon, prostate, liver, and bile duct cancers. For breast, ovarian, and colon cancers, the risk increases as the individual's family history of pancreatic cancer increases, suggesting a shared genetic predisposition.
The association of breast and ovarian cancers with pancreatic cancer is not surprising. Pancreatic, breast, and ovarian cancers share susceptibility genes, such as BRCA2 and PALB2. Germline BRCA2 gene mutations account for 6% to 19% of familial pancreatic cancers, and these mutations increase the risk of breast, pancreatic, and ovarian cancers (5) (6) (7) (8) . Similarly, we have recently showed that germline PALB2 gene mutations are the second most common cause of the familial clustering of pancreatic cancer (3). Table 2 . SMRs (weighed and unweighed) and 95% CI for all cause and site-specific cancer morality Approximately 3% of familial pancreatic cancer patients carry germline truncating variants in the PALB2 gene (27) , and germline PALB2 gene mutations increase the risk of both pancreatic and breast cancer (27) . Thus there seems to be a well-defined genetic basis for at least some of the coaggregation of breast and pancreatic cancer in families.
The observed coaggregation of pancreatic cancer and colon cancer may be due to an increased risk of pancreatic cancers among individuals with HNPCC syndrome; however, the risk of pancreatic cancer in HNPCC kindreds remains poorly defined (28) . There have been anecdotal reports of pancreatic cancers in HNPCC kindreds, and studies of medullary carcinomas of the pancreas have shown that medullary pancreatic cancers that are microsatellite unstable (MSI + ) can be associated with a family history of cancer (29) . However, the majority of families in the current study, reporting both pancreatic cancer and colon cancer, do not meet the Amsterdam or Bethesda guidelines for HNPCC; therefore, it is unlikely that mutations in these genes explain a significant fraction of the observed coaggregation of colon and pancreatic cancer.
The findings of an increased risk of breast and colon cancer among the relatives of young onset pancreatic cancer patients is supported by a recent study that showed pancreatic cancer patients with a family history (first-or second-degree relative) of breast, ovarian, or colon cancers were on average younger than pancreatic cancer patients without a family history of these cancers (30) .
Germline mutations in the CDKN2A gene are associated with familial melanoma and pancreatic cancer (12) . CDKN2A mutations are relatively rare, and so it is not surprising that, although we did observe an increased risk of melanoma in our families, this increase was not statistically significant.
In addition to cancers of the breast, ovary, and colon, we also found increased mortality from bile duct cancer in relatives of patients with pancreatic cancer. The excess of bile duct cancer in both the relatives of familial and sporadic pancreatic cancer patients could be due to a shared environmental and/or a common genetic component. However, given the intrapancreatic location of the distal common bile duct and the resultant difficulty in distinguishing distal bile duct and pancreatic adenocarcinomas, misclassification could also explain some of this association. It should be noted, however, that the increased risk of bile duct cancer persisted when analysis as limited to intrahepatic bile duct carcinomas (wSMR 3.38, 95% CI 1.34-7.07). Ascertainment bias could also play a role in that families may have perceived that pancreatic and bile duct cancers are related and are thereby more likely to participate in our research study if they have a family history of pancreatic and bile duct cancer. Individuals with bile duct cancer who were initially reported to have pancreatic cancer were treated as probands and excluded from the analysis.
Despite the excess in cancer mortality observed in our families and our ability to obtain extensive death records through the NDI, all cause mortality was 18% lower in our study population compared with the general US population. One potential explanation for this decreased risk is that NFPTR participants have a healthier life-style and/ or higher socioeconomic status than the SEER population. High socioeconomic status has been associated with lower mortality compared with the lower income groups after controlling for age, sex, race, urbanity, and education (31) . High socioeconomic status has also been associated with lower cancer mortality risk (32) . If this is the case, the relative risk estimates we obtained may, in fact, underestimate the true risk to relatives of pancreatic cancer patients in the general population. The large registry-based nature of our study population allowed us to assess and directly compare the risk of other cancers in relatives of both familial and sporadic pancreatic cancer patients. We were able to minimize bias by verifying date and cause of death using the NDI Plus service. Our analyses were limited to mortality because of our ability to obtain high-quality cause of death data from NDI. Previous studies have shown severe underreporting of cancer incidence in relatives, which causes a downward bias in risk estimates. However, the use of mortality instead of incidence data does have some limitations. SMRs only provide an estimate of relative incidence. For example, if there was higher incidence but longer survival from a particular cancer type, the use of mortality data may not detect this increase due to the associated lower mortality.
In summary, our study suggests that relatives of patients with pancreatic cancer have a higher risk of dying from cancers at other sites. In particular, relatives of patients with familial pancreatic cancer have an increased risk of dying from breast, colon, and ovarian cancer. These data can help to inform genetic counseling and screening recommendations for high-risk families.
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